Objective: Large left atrial diameter is reported to be a predictor for recurrent atrial fibrillation after the Cox maze procedure, and left atrial diameter by itself influences the chance of sinus rhythm recovery, as well as maintenance of sinus rhythm. However, additional cut-and-sew procedures to decrease left atrial diameter extend operative time and can cause bleeding. Thus we developed a no-bleeding, faster, and therefore less invasive left atrial volume reduction technique to enhance the Cox maze procedure.
T he Cox maze procedure has been a gold standard in the surgical treatment of atrial fibrillation (AF). [1] [2] [3] [4] Recently, however, this complex technique has shifted to simple procedures, such as pulmonary vein (PV) isolation with radiofrequency ablation devices, [5] [6] [7] [8] because the conventional full maze procedure is time consuming, prone to bleeding, and technically demanding. However, sinus rhythm (SR) recovery rates with the new devices are insufficient, particularly in patients with long-standing AF and a large left atrium (LA). These factors are reported to cause recurrent AF after the Cox maze procedure. 9, 10 Therefore a more effective but less invasive technique is desirable for the treatment of these patients.
The enlarged LA is a major factor in the initiation and maintenance of AF.
helpful in the elimination of AF with mitral valve disease. Therefore combination of the Cox maze procedure with LA VR might facilitate SR recovery, as well as SR maintenance. However, additional cut-and-sew procedures to decrease LA size further extend operative time and might cause bleeding.
Therefore in the present study we developed a lessinvasive, no-bleeding LA VR technique that might enhance the Cox maze procedure. This novel technique does not require additional cut-and-sew procedures by using LA plication and confinement cryoablation that enables anatomic and electrical isolation of PVs and plicated LA area.
Patients and Methods

Patients
Between June 1999 and December 2005, 123 patients with chronic AF underwent maze procedures associated with mitral valve surgery in our institute. Among them, 80 patients with enlarged LAs (diameter Ն60 mm) with or without long-standing AF (preoperative duration of AF Ն5 years) were included in the present study. Left atrial diameter (LAD) was measured by means of M-mode transthoracic echocardiography. Among the 80 patients, 36 underwent the maze procedure alone before June 2002 (control group). After June 2002, 44 patients underwent the maze procedure concomitantly with the novel VR technique (VR group, Table 1 ). The VR group had a longer duration of AF than the control group (14.1 Ϯ 5.4 vs 9.5 Ϯ 5.1 years, respectively; P Ͻ .05). Preoperative LAD was not different between the groups (67.1 Ϯ 7.8 vs 64.5 Ϯ 6.7 mm).
Operative Procedure
The maze procedures were primarily based on the modified Cox maze III procedure with cryoablation or the LA maze procedure. [2] [3] [4] [15] [16] [17] After median sternotomy, standard cardiopulmonary bypass with mild hypothermia and cold blood cardioplegia was established. Mitral valve repair or prosthetic valve replacement was performed immediately before or after the VR technique. The same surgeon (M.K.) operated on all patients in a homogenous fashion during the whole study period.
Less-invasive VR Technique by Means of LA Plication and Confinement Cryoablation
LA plication with continuous horizontal mattress sutures. A standard right-sided left atriotomy was performed parallel to the interatrial groove and extended toward the upper and inferior margin of the left PVs. The enlarged LA is plicated mainly between the mitral annulus and the left PVs and additionally plicated with sutures along the right-sided left atriotomy (Figure 1, A ) . Although continuous horizontal mattress sutures were placed on the redundant LA wall between the mitral annulus and the left PVs (Figures 1, B, and 2, A and B) , the suture was placed at least 2 cm away from the mitral annulus to maintain postoperative LA function. The suture was tightened so that the redundant LA was excluded toward the outside of the LA cavity (Figure 1, B) .
Confinement cryoablation. Subsequently, to establish isolation of PVs, as well as isolation of the LA plicated area, confinement cryoablation (Ϫ80°C for 2 minutes with a 20°, angled, 3-cm linear probe that was specially designed) was applied onto the horizontal mattress suture line, and then the plicated LA area was anatomically and electrically isolated (Figures 1, C , and 2 , A and B). The LA appendage was plicated from inside, and the suture line was cryoablated. Other cryoablations were applied to the LA, as shown in Figure 2 . The right-sided left atriotomy was closed with a continuous suture so that the right side of the LA was further plicated (Figures 1, C, and 2, B) . 
Abbreviations and Acronyms
A/E ϭ ratio of peak A to peak E wave AF ϭ atrial fibrillation ECG ϭ electrocardiography LA ϭ left atrium LAD ϭ left atrial diameter PV ϭ pulmonary vein RA ϭ right atrium SR ϭ sinus rhythm VR ϭ volume reduction Right atrial VR. After the LA was closed, the aorta was declamped. If cardiac rhythm was converted to SR, we did not add the right atrial (RA) maze procedures. Otherwise, we added the RA maze procedures under beating-heart conditions, as shown in Figure 2 . If the RA was enlarged, the RA wall was also plicated along the RA suture line.
Postoperative Management and Follow-up
Pharmacotherapy was homogenous, with no new drugs added throughout the whole study period. To maintain postoperative SR, ␤-blockers, digoxin, or both were used unless otherwise contraindicated. Calcium-channel blockers, ␤-blockers, or digoxin were also used for the treatment of tachycardia. If AF or atrial flutter occurred, class I antiarrhythmic drugs were used. If they were ineffective, amiodarone or sotalol was used. Cardioversion was performed up to 2 times if the pharmacotherapy was ineffective. After discharge, if patients maintained SR, antiarrhythmic drugs were gradually withdrawn 1 to 3 months after the operation. During follow-up, cardioversion was applied when patients had high-rate arrhythmias, such as AF tachycardia or thromboembolism caused by AF. Warfarin and low-dose aspirin were routinely administered to all patients for 3 months. If the SR was maintained, warfarin could be finished in patients with mitral valve repair or bioprosthetic valve implantation. The above routine was consistent during the whole study period.
Follow-up was complete by outpatient clinic or telephone interview in all patients. Patients were evaluated by means of electrocardiography (ECG), chest roentgenography, and transthoracic echocardiography with pulsed Doppler study at discharge and 3, 12, 24, and 36 months postoperatively. Cardiac rhythm was confirmed by means of regular pulse, a history of palpitation, ECG, and echocardiography. Holter ECG was applied to patients with a history of palpitation. Atrial transport function was evaluated on the basis of the peak A/E (ratio of peak A to peak E wave) velocity, as previously described. 18 
Statistical Analysis
All values are expressed as the mean Ϯ standard deviation. Statistical analyses comparing the 2 groups were performed with the Wilcoxon rank sum test or the Fisher exact probability test for categoric variables. All statistical analyses were performed with Statview software (Abacus).
Results
Operative Results
In-hospital results. There was 1 (3%) in-hospital death in the control group caused by severe pneumonia ( Table 2) . The ratio of patients who underwent the modified Cox maze III or LA maze procedure was not significantly different Late results. After discharge, 1 (2%) patient in the VR group and 2 patients in the control group died of noncardiac events (1 of pneumonia and 2 of cancer). The late mortality rate was not significantly different between the groups. There was no stroke or thromboembolism during the follow-up period in either group.
Cardiac Rhythm
Intraoperative SR recovery was observed in all patients. Two (5%) patients in the VR group and 2 (6%) patients in the control group received permanent pacemaker implantation because of sinus bradycardia before discharge (Table 2) . There was no significant difference in the incidence of perioperative AF between the groups (36% vs 42%).
At discharge, 36 (82%) patients in the VR group and 27 (75%) patients in the control group were in SR, respectively (Table 3) . Patients in the VR group maintained higher SR recovery rates than those in the control group during the follow-up period (90% vs 69%, 87% vs 67%, and 100% vs 64% at 12, 24, and 36 months, respectively; P Ͻ .05 at 12 and 24 months). Interestingly, in the VR group 2 patients with recurrent AF at discharge were recovered to SR during the follow-up period. In contrast, in the control group AF recurred to 4 patients during the follow-up period who had maintained SR at discharge.
Echocardiography
Among the patients with SR recovery in both groups, serial changes in LAD and LA transport function after the operation are shown in Table 3 . Among the patients with SR in the VR group, the LAD at discharge was significantly smaller than the preoperative LAD (47.6 Ϯ 6.3 vs 67.1 Ϯ 7.8 mm, respectively; P Ͻ .01). In addition, the LADs at 12, 24, and 36 months were also significantly smaller than those at discharge (42.8 Ϯ 4.7, 41.1 Ϯ 4.8, and 42.3 Ϯ 6.3 mm vs 47.6 Ϯ 6.3 mm, respectively; P Ͻ .01 at 12 and 24 months and P Ͻ .05 at 36 months). Furthermore, the A/E ratios of the patients with SR in the VR group at 3, 12, 24, and 36 months were significantly higher (ie, better) than those at discharge (0.44 Ϯ 0.07, 0.48 Ϯ 0.15, 0.53 Ϯ 0.20, and 0.51 Ϯ 0.23 vs 0.35 Ϯ 0.07, respectively; P Ͻ .01 at 12 and 24 months and P Ͻ .05 at 3 and 36 months). Figure 3 shows the representative echocardiographic findings of the VR maze procedure.
Among the patients with SR in the control group, however, the preoperative LAD was not significantly different from that at discharge or at 3, 12, 24, and 36 months, respectively ( Table 3 ). The A/E ratio of the patients with SR in the control group did not improve during the follow-up period, except at 3 months.
Discussion
The principal finding of the present study is that maze procedures concomitant with the novel VR technique facilitate recovery to SR, as well as maintenance of SR, and might improve atrial transport function even in patients with long-standing AF and enlarged LAs compared with maze procedures alone. This technique did not extend aortic crossclamp and cardiopulmonary bypass times, which suggest that it is suitable to high-risk patients with poor left ventricular function. In addition, the VR technique might contribute to prevent stroke or thromboembolism by increasing the blood flow velocity in the LA.
Several studies have reported that the LA VR by itself is helpful to SR recovery. 13, 14, [19] [20] [21] However, all these VR procedures were based on the cut-and-sew technique. Even the original Cox maze procedure alone is relatively time consuming and technically demanding, and the aggressive VR procedures with the cut-and-sew technique further extend cardiac ischemic time, affect left ventricular function, increase postoperative bleeding, and might increase perioperative mortality and morbidity.
To solve these problems, we have established the nobleeding VR technique by means of LA plication and confinement cryoablation. The major advantages of our technique are as follows: (1) LA plication by means of continuous horizontal mattress sutures instead of additional cut-and-sew procedures drastically reduces the crossclamp time and the risk of bleeding, and (2) confinement cryoablation establishes the electrical isolation of the PV and the plicated LA area simultaneously. It takes approximately 15 to 20 minutes on average to complete our maze ablation on the LA side, including the VR technique, in part because VR makes the cryoablation line shorter. Furthermore, cryoablation might be advantageous in the aspect of the minimal damage to the endocardium and creation of the transmural homogeneous lesions. 5, 16 A large LAD with mitral valve disease is a predictor for late recurrent AF after the Cox maze procedure. 9, 10 We speculate that the Cox maze procedure is effective in those tough patients but that it might provide insufficient elimination of LA area for macroreentry circuit formation because of the enlarged LA. The Cox maze procedure for mitral valve disease is the only effective procedure to facilitate the recovery of SR, 5, 22 and an additional LA VR technique to eliminate the macroreentry circuit formation area might facilitate SR recovery. Some institutions do not apply the Cox maze procedure to patients with AF with the difficult conditions described above to seemingly improve the success rate. 16, 23 However, these high-risk patients often have low left ventricular function, and therefore recovery to SR will improve postoperative cardiac function and consequently might improve morbidity and mortality. This potential merit is prominent, particularly in patients who require intra-aortic balloon pumping or catecholamine before or after the operation.
The VR technique might contribute not only to SR recovery but also to maintenance of SR during the late phase. In the present study 2 (6%) patients in the VR group recovered SR during the follow-up period. On the contrary, 4 (11%) patients in the control group had recurrent AF, although they were administered antiarrhythmic drugs. We speculate that the maintenance of SR by the VR might possibly be due to a decrease in LA wall stress according to Laplace's law (ie, less burden for atrial myocardial cells at any LA pressure) and in primary stimulation of fibrillation, as well as elimination of area for the macroreentry circuit. 21 It has been controversial whether the Cox maze procedure alone reduces LA size and recovers atrial contraction postoperatively. 21, 24, 25 Even in the patients with SR recovery in the control group, the LA size did not reduce and the A/E ratio did not increase during the follow-up period (Table 3 ). In addition, LA transport function recovered during the follow-up period only in the patients with SR recovery in the VR group (ie, not in patients in the control group, regardless of rhythm). The results suggest that the VR technique is desirable for the patients with AF who are not well indicated for maze procedures.
There are several limitations in the present study. First, this study was not a prospective randomized study. The operation was not randomly assigned for the VR group or the control group in a certain period. In addition, the follow-up period was only 3 years because patients in the VR group were relatively new and had shorter follow-up times than those of the control group. Further follow-up, especially for the VR group, would be necessary. Next we used 2 types of maze procedures. The SR recovery rates in both groups at discharge were somewhat low compared with those of previous reports. 5, 9, 10, 19 This might be partly because the patient population in the present study had mitral valve disease with long-standing AF and a large LAD. In addition, use or not of RA maze procedures might be another reason. However, the ratio of patients who underwent the modified Cox maze III or LA maze procedure was not significantly different between the groups. Furthermore, among the patients with the modified Cox maze III procedure in both groups, SR recovery rates were significantly different between the VR and the control groups (92% vs 68%, P Ͻ .05); however, operative results might have changed if all patients had undergone the modified Cox maze III procedure. Finally, the peak A/E ratio cannot entirely be an indicator of atrial transport function. Other evaluation for atrial function might be necessary. 26 In conclusion, this safe and thus far potent VR technique that catheter-based ablation cannot copy might extend indication for the Cox maze procedure to patients with AF with difficult conditions. Further study with larger numbers of patients and longer follow-up periods, especially in a prospective and randomized fashion, will be warranted.
